Abstract-Two techniques are described for the calibration of ground-based (GB) circularly polarized (CP) full polarimetric radars. The techniques are based on the point target calibration approach that uses various types of canonical reflectors with different orientations. Specifically, the calibration methods for linearly polarized (LP) radar proposed by Wiesbeck et al. and Gau et al. are selected and adapted to CP with suitable reflectors. The applicability of the techniques is examined through C-band scatterometric and synthetic aperture radar (SAR) measurements in an anechoic chamber. For the scatterometric mode, comparisons of calibrated channel imbalances with theoretical values show agreement within ±0.3 dB in amplitude and ±5 • in phase. The crosstalk between the channels is also reduced by ∼ 5 to 30 dB after calibration. For the SAR mode, calibrated scattering matrix of a vertical wire target exhibits significant elimination of distortions between channel amplitudes and phases. The effect of calibration on target parameter retrieval is also investigated through the Cloud-Pottier eigenvector-based decomposition. Both calibration techniques are shown to yield improved accuracy of entropy-alpha (H-ᾱ) distributions and orientation angle (β) values.
INTRODUCTION
Polarimetric synthetic aperture radar (Pol-SAR) has already known a powerful tool in quantitative remote sensing of Earth surface. Pol-SAR systems exploit polarimetric backscattering behavior of manmade and natural scatters for the derivation of bio-and geo-physical information of targets such as land, snow and ice, ocean, vegetation, and urban area [1] [2] [3] [4] . In addition to its traditional use in airborne and spaceborne SAR systems, Pol-SAR is also increasingly used in various ground-based (GB) SAR applications such as vegetation monitoring, damage assessment of wooden building structure, and buried target detection [5] [6] [7] [8] [9] [10] [11] .
Currently, most SAR systems employ linear polarization (LP), and various polarimetric processing techniques have been developed for LP-data. More recently, a SAR campaign in the Josaphat Microwave Remote Sensing Laboratory (JMRSL) of Chiba University in Japan has begun to use circularly polarized (CP) SAR [12] [13] [14] due to their advantages such as compactness, low power requirement and elimination of polarization mismatch losses caused by the Faraday rotation effect in the ionosphere [13, 15] .
All multi polarimetric radars, however, should deal with challenging calibration problem which involves the removal of system-introduced polarimetric distortions such as polarimetric channel imbalances, crosstalk, and antenna gain. The scattering matrix contaminated by aforementioned distortions degrades the estimation of targets biophysical and geophysical parameters which is important for the Pol-SAR application. The calibration techniques reported in the literature can be categorized into two approaches namely; the natural target-based, and the point (or man-made) target-based techniques [16] . The first approach makes use of scattering properties of natural distributed targets to simplify the problem and is commonly used in airborne and spaceborne radars [17] [18] [19] [20] . The second approach exploits known reflector targets and is best suited for high precision antenna measurements, radar cross section (RCS) measurements, and system validation through a GB radar. The latter case provides highly precise amplitude and phase information which is crucial to characterize the system's polarimetric capabilities truly.
To date, various point target-based calibration techniques have been developed for monostatic or quasi monostatic LP radars [21] [22] [23] [24] [25] [26] [27] . Yueh et al. generalized the concept using different combinations of three linearly independent calibration targets such as a wire, a dihedral, and a trihedral [21] . Sarabandi et al. developed a technique that requires only two calibration targets while assuming perfect isolation between horizontal (H) and vertical (V ) polarization channels [22] . The technique proposed by Gau et al. also employs two point targets with simplification of the distortion matrix [23] . In addition, Whitt et al., Chen et al., and Wiesbeck et al. proposed a calibration technique without making any assumption about the distortion matrix by utilizing three reflector targets [24] [25] [26] [27] . These well-developed point target-based calibration techniques have frequently been used for GB-SAR systems [5] [6] [7] [8] [9] [10] [11] .
On the other hand, calibration of CP data is less studied since the vast majority of current radar systems that use LP. In [28] , Michelson et al. introduced a modified algorithm for the point targetbased CP calibration derived from the Chen et al.'s technique using a depolarizing trihedral corner reflector. However, this reflector is difficult to fabricate due to its complex structure [29, 30] and also no experimental results are given in this study. Hence, an investigation on the assessment of the calibration for CP systems is needed for upcoming CP-SAR missions.
In this study, two calibration approaches are proposed for calibrating the full-polarimetric GB CP radars. The LP-basis methods proposed by Wiesbeck et al. [26, 27] and Gau and Burnsid [23] are selected and adapted to CP because of their convenience for CP calibration. The performances of the derived techniques are assessed and compared through scatterometric and SAR imaging measurements inside an anechoic chamber.
The paper is organized as follows: the theory of the CP-basis calibration techniques is presented in the next section. Section 3 provides explanation of validation experiments and their results. Discussion of the results are given in Section 4. Last section concludes the paper.
POLARIMETRIC CALIBRATION METHODOLOGY FOR CP
In full polarimetric calibration, the contamination of the correct scattering matrix [S c ] is modeled by three distortion matrices: the receive error matrix [R], the transmit error matrix [T] , and the isolation error matrix [I] . The measured scattering matrix [S m ] can then be expressed as
For a GB radar, the isolation matrix [I] represents environmental noise such as reflection from undesired objects and coupling between transmitting and receiving antennas. Thus, it can be easily obtained by making a backscattering measurement without a target, called the empty room measurement [27] . To simplify the equation, the [I] can be replaced on the left side of (1a) and the empty room subtracted data [M] can be defined as:
With the knowledge of additive error matrix [I], the empty room calibrated model is described as:
where it contains eight error coefficients to be determined. [26, 27] (hereafter denoted by CT1) and Gau and Burnsid [23] (hereafter denoted by CT2) to CP-basis. Throughout this paper, the proposed CP techniques derived from the CT1 and CT2 are named as CT1 CP and CT2 CP, respectively.
CT1 CP Calibration Process
Assuming empty room calibrated data, the CT1 solves the eight error coefficients of the complete polarimetric error model of (1b) by exploiting following reflectors with the order indicated below [27] :
where a, b, and c are complex constants related to target's RCS. Generally, all of these three linearly independent scattering matrices should be known to obtain the eight error coefficients. For the adaptation of the CT1 to CP-basis, the calibration target types and/or their order should be changed accordingly. We propose herein the CT1 CP that incorporates a vertical dihedral as [S c1 CP ] and a dihedral 45 • as [S c2 CP ] for the co-polarization calibration, and a circular plate as [S c3 CP ] for the cross-polarization calibration. A sphere can also be utilized instead of a circular plate but the circular plate has stronger response and thus easy identification. This choice is also suitable for quasi monostatic configuration [26] .
It is well known that the scattering matrix in CP-basis can be linked to that in LP-basis via transformation [3] :
where j and θ indicate 90 • phase shift and a line of sight orientation angle, respectively. Using Eq. (5), the true scattering matrices of the aforementioned reflectors can be obtained as: The complete polarimetric error model in CP-basis has defined as:
where subscripts L and R represent left-and right-handed CP channels, respectively. As a first step in the derivation of the CT1 CP, the [R] and [T] matrices in Eq. (3) can be combined into a single error matrix [E] [26, 27] :
which can be explicitly expressed as ⎡ 
The sixteen error coefficients of [E] can be reduced to eight by sequential substitution as 
Theoretically, these eight unknowns can be determined through measurements of at least two calibration targets that produce four linearly independent backscattering coefficients. However, due to difficulty in finding such a target set, three calibration targets were selected in the CT1 CP with known scattering matrices [S ci ] where i = 1, 2, and 3 represent a vertical dihedral, dihedral 45 • , and circular plate, respectively. Invoking the reciprocity condition (S LR = S RL ), the error coefficients are computed by the following equations:
It should be noted that the sign of the error coefficients given in Eq. (14) can be determined by dominating diagonal elements given in Eq. (9) [
The CT1 and the proposed CT1 CP require the knowledge of the theoretical [S c3 ] of a circular plate, [S c1 ] of a vertical dihedral, and [S c2 ] of a dihedral 45 • . It is occasionally difficult to exactly compute the scattering matrices of a dihedral and an inclined of dihedral which are regarded as complex targets. These factors can lead to errors between the theoretical and actual values of the scattering matrices which may degrade the accuracy. Nevertheless, this problem can be mitigated if an approach similar to the single reference calibration technique proposed by Wiesbeck and Kahny [26] can be exploited. In this LP-basis technique, the knowledge of theoretical scattering matrix is required for only one reference target such as a circular plate or a sphere. These targets are easy to align and their scattering matrices can be calculated very precisely [31] . The correct scattering matrices of other complex dihedral targets are derived from this reference target's data. Briefly, the technique makes use of similar forms of the scattering matrices from a simple (sphere or circular plate) and a complex target (dihedral) to calculate the correct matrix of the latter one. Unfortunately, this methodology cannot be directly applicable to CP-basis, since there is no such a pair of calibration targets (see (6) ). The literature which we previously demonstrated a polarimetric calibration for GB CP-SAR without single reference calibration concept produced improved results of RCS and amplitude and phase imbalance but significant residual errors are still remained [32] . One possible solution might be to conduct the single reference calibration on LPbasis by transforming from CP to LP basis. The flowchart of this proposed single reference calibration technique adopted in CT1 CP is explained in Fig. 1 . In this approach, the correct scattering matrix of a vertical dihedral is first calculated in LP-basis by known reference target's data (i.e., S c3 and M 3 of circular plate) and its measurement data (i.e., M 1 ) with the following equation
wherein the cross-polarization components are assumed to be negligible. The obtained partially theoretical scattering matrix of the vertical dihedral is then transformed from LP to CP basis using Eq. (5) as
Note that S c1 LR and S c1 RL are theoretically zero (see Eq. (6a)). Therefore, the problem in obtaining the correct scattering matrix of a complex target can be still avoided for CP measurements by this way. The correct scattering matrix of the second calibration target, namely a dihedral 45 • is easily obtained afterwards via (see Fig. 1 )
It is also worth to note that precise alignment of the calibration targets is needed to avoid errors between the calculated and the actual values of the backscattering coefficients. Although, this target orientation problem can be mostly resolved when operating in a GB laboratory conditions, it becomes significant when calibrating the radars mounted on a moving platform.
CT2 CP Calibration Process
The original LP based CT2 [23] assumes that the receiver distortion matrix [R] is the transpose of those transmitter's [T]. This assumption results in the six unknown error coefficients which are determined by means of only two calibration targets; a vertical dihedral for co-polarization and either 22.5 • or 45 • inclined dihedral for cross-polarization. Therefore, unlike the CT1, the CT2 assumes the distortion matrices of the radar error model, and thus it makes possible to reduce the number of the calibration targets.
For the adaptation of this technique to CP-basis, a vertical dihedral and a circular plate are selected as the co-and cross-polarized calibration targets, respectively (see Eqs. (6a) and (6c)). The formulation of the resulted CT2 CP is explained in the following.
The relationship between [M] and [S c ] can be modeled as:
where A is for the frequency response of each measured polarimetric channel, and δ is the crosstalk which means undesired polarized signals. If we denote a vertical dihedral as the [S c1 ] and a circular plate as the [S c2 ], these unknown parameters can be solved from the following equations with the assumption that δ x · δ y = 0:
Finally, calibrated scattering matrix [S c ] can be derived by
S c1 LL and S c1 RR are derived from a circular plate as a reference target in the same manner as the single reference method explained in Subsection 2.1 (see Fig. 1 ).
Unlike its LP version, the CT2 CP does not need to employ an inclined dihedral as a calibration target. As noted in Subsection 2.1, the techniques that are sensitive to the target orientation might lead to significant errors in the calibration process. Therefore, this attribute of the CT2 CP can be regarded as an important advantage especially for the calibration of radars under field conditions.
EXPERIMENTAL RESULT
The validity of the CT1 CP and CT2 CP was evaluated through the GB frequency domain measurements. Both the scatterometric and SAR experiment in CP-basis were conducted within an anechoic chamber. In the scatterometric mode, the backscattering responses of the calibration targets, as well as test targets, were measured at only one view angle. In the SAR imaging mode, stripmap SAR data of a test target (i.e., vertical wire) were acquired along a 2.2 m long aperture. The SAR images were constructed by the ω-k SAR imaging algorithm [33] .
In all measurements described below, a VNA (Agilent E8364C) operated in stepped-frequency mode was used, and the collected frequency domain data are empty room subtracted and range-gated.
Results for the Scatterometric Mode
The measurement geometry of this mode is depicted in Fig. 2 . The elevation and azimuth angles were set to 0 • , and only one static measurement within the frequency range of 4.5-7.5 GHz was performed with 801 sampling points. The antenna system consisted of two dual-polarized LP horn antennas in quasi-monostatic configuration. CP was achieved by a phase shifter between H and V channels. The distance from midpoint of antenna phase center to the target center was adjusted to 5.5 m that leads to a far-field illumination of targets. Table 1 shows the calibration and the test targets used in this experiment. As can be seen from Eqs. (6a) and (6c), a circular plate produces dominant scattering for cross-polarization whereas a dihedral produces strong reflection for co-polarization. Therefore, a circular plate and a dihedral were chosen as the test targets to calibrate cross-polarization (LR and RL) and co-polarization (LL and RR) data, respectively. The procedure adopted in the calibration of the scatterometric measurements is explained as follows: (11)- (18) and (25)- (30). (v) Apply a correction to the measured scattering matrix of the test target (i.e., solve Equations (19) and (31) Firstly, the effectiveness of the cross-polarization calibration was evaluated by employing a circular plate test target with a diameter of 15 cm. The calibration targets were dihedral and circular plate as listed in Table 1 which demonstrate that the phase difference (RL-LR) is improved from approximately 6 • to ∼ 2 • and the amplitude ratio (RL-LR in logarithmic scale) falls in the range of ∼ ±0.2 dB after the calibration. The crosstalk calibration results (RR-LR in logarithmic scale) are illustrated in Fig. 3(c) which show a significant difference between CT1 CP and CT2 CP. From these figures, the result of the CT2 CP yields the reduction of ∼ 20 dB, compared to uncalibrated value. However, the result of the CT1 CP does not provide any improved crosstalk result. The co-polarization calibration performance was investigated by an 18×18×30 cm vertical dihedral as a test target. The calibration targets for this case were a dihedral with 18 × 18 × 40 cm dimension and a circular plate with 20 cm diameter. From the results given in Fig. 4 , the calibrated amplitude ratio (RR-LL) is identified to be around ±0.3 dB and the phase difference (RR-LL) shows ∼ 5 • error after the calibration (Figs. 4(a) and (b) ). The crosstalk result shown in Fig. 4(c) demonstrates reduction of ∼ 10 to 30 dB for the CT1 CP and partial reduction of ∼ 5 dB for the CT2 CP.
Results for the SAR Imaging Mode
The aim of this experiment is to test the performances of the CT1 CP and the CT2 CP for a more practical imaging and a polarimetric application. The polarimetric GB-SAR system constructed by a VNA, CP-antennas, a positioner controller, a positioner, and a PC is shown in Fig. 5 . To reconstruct the SAR images, the ω-k algorithm was used [33] . An automatic position controller moved the target under test along a 2.2 meter long rail with 22 mm azimuth steps. Frequency range was again set to 4.5-7.5 GHz with 801 sampling points. An 18 × 18 × 30 cm dihedral and a 30 cm diameter of a circular plate were used as the calibration targets and a vertical wire with 2 mm diameter was used as the test target. In this experiment, the calibration targets were measured only for the center position of this aperture. Hence, neglecting the azimuth angle dependency, the error correction matrices were calculated only for this position and applied to all other azimuth data of the test target. The vertical wire was selected because the theoretical scattering matrix coefficients (LL, LR, RL, and RR) have the same absolute intensity value, shown as
This factor can lead to an assessment of all polarizations. The quality of calibration was inferred from the SAR images by picking up and evaluating the scattering matrices at the target location. Moreover, the Cloude-Pottier eigenvector-based decomposition [34] was applied to the reconstructed SAR images (LL, LR, RL, and RR) to see the effect of calibration on target parameter retrievals such as radar a line of sight orientation and scattering mechanism. The procedure followed for calibrating SAR imagery is explained below: The results for vertical wire of LL polarization are shown in Fig. 6 , which are displayed on a normalized 40 dB dynamic range. It is worth noting that the effect of calibration usually cannot be observed from image data, and should be obtained by analysis of scattering matrices extracted from the target location and polarimetric decomposition which are explained in the following.
First, the scattering matrices of the target location (the pixel that has maximum value) are extracted with normalization to a maximum value of polarization channels. The obtained results given below represent the uncalibrated and the calibrated scattering matrices, respectively.
Scattering matrix extracted from the uncalibrated images: To assess the obtained scattering matrices, the absolute logarithmic amplitude ratio and the relative phase difference of LL-LR and LL-RR are listed in Table 2 . Both the calibrated amplitude imbalance results of the CT1 CP and CT2 CP show improvement of ∼ 2.4 dB for the LL-LR and ∼ 1.9 dB for the LL-RR compared to the corresponding uncalibrated measured values. In the case of the phase difference, the CT2 CP provides a small improvement (less than 1 • ) in both the LL-LR and the LL-RR. However, the CT1 CP degrades the result. The polarimetric performances are then assessed by applying the Cloude-Pottier eigenvector-based decomposition that produces the scattering randomness and the physical parameters of the target of interest [34] . The entropy H, alpha angleᾱ, and beta angleβ were calculated for the target region. H accounts for the scattering randomness;ᾱ represents an intrinsic scattering type (0 • for surface scattering, 45 • for wire scattering, and 90 • for double-bounce and helix scattering);β is related to orientation angle about radar line of sight [34] .
The uncalibrated and calibrated H-ᾱ distributions are displayed in Fig. 7 . Since our target is regarded as the point-target vertical wire, the distribution must be inside the zone 8 (Z8) of Fig. 7 which indicates the low entropy wire scattering [34] . However, some plots exhibit zone 7 (Z7) which shows low entropy double bounce scattering such as the point-target dihedral. Therefore, the accuracies of the H-ᾱ distributions which are the rate of plots inside of the Z8 are calculated and listed in Table 3 . From Table 3 , both the CT1 CP and CT2 CP yield an increase of the accuracy rate relative to the uncalibrated value. The calculated beta angles are averaged over the target regions. Theoretically,β has a value of 0 • for the vertical wire target. In Table 3 , the theoretical, uncalibrated, and calibrated averaged beta angles are listed. The results calibrated by both the CT1 CP and the CT2 CP exhibit 6.6481 • and 4.4254 • respectively which are closer value to the theoretical 0 • than the uncalibrated one.
DISCUSSION
Compared to the existing CP-calibration method developed by Michelson et al. [28] wherein a complex depolarizing trihedral is used, the proposed techniques utilize only canonical calibration targets (i.e., circular plate and dihedral). Moreover, both proposed methods in this paper cover the single reference calibration technique, where only the knowledge of theoretical scattering matrix of a circular plate is required to determine all the correct scattering matrix of calibration targets. This factor leads to the accurate calibration performance. Non-usage of an inclined reflector in the CT2 CP can also be regarded as an important benefit over the LP-basis techniques, which often require either inclined or complex structured targets to achieve the cross-polarization calibration. When compared to each other (the CT1 CP and the CT2 CP), the CT2 CP requires less number of calibration targets with easier alignment than the CT1 CP.
The scatterometric experiment results reveal that the calibration methods yield similar and effective performance for the amplitude and the phase imbalances across the investigated frequency bandwidth. However, the crosstalk results exhibit strong dependency on the calibration method. The crosstalk results of the CT1 CP for cross-polarization and the CT2 CP for co-polarization were not improved effectively in this experiment. This problem might be mitigated under more precise measurement to suppress the depolarization effect. This needs further investigation.
The SAR imaging experiment demonstrated well calibrated results for the amplitude ratio and the Cloude-Pottier eigenvector-based decomposition parameters when the vertical wire was selected as a test target. However, improvements of the phase difference were seen only in the CT2 CP not in the CT1 CP. From the series of assessment for the SAR imaging experiment, the CT2 CP yielded better calibration capability than the CT1 CP over the channel imbalance of single scattering matrix, the accuracy rate of H-ᾱ distribution, and theβ.
CONCLUSION
Two point target-based polarimetric calibration techniques for the GB CP-radar were investigated. The techniques were experimentally validated and compared through scatterometric and SAR imaging experiments for the wide frequency bandwidth in C-band. In the scatterometric experiment, the calibration performances were confirmed on cross-polarization and co-polarization by a circular plate and a vertical dihedral as the test targets, respectively. This measurement resulted in a satisfactory channel imbalances and reduction of crosstalk. The crosstalk calibration results exhibited reduction in either the CT1 CP or the CT2 CP. In the SAR imaging experiment, the calibration performances were evaluated by considering the channel imbalances of scattering matrices and the Cloude-Pottier eigenvector-based decomposition. Both techniques improved the amplitude imbalance of scattering matrix, the accuracy rate of H-ᾱ distribution, and theβ for the vertical wire. The phase imbalance improvements on the CT2 CP were also confirmed, however, the CT1 CP degraded.
Overall, the results illustrate that each calibration technique shows satisfactorily good performance. However, the proposed techniques still showed minor unstable results. Therefore, further study of the point target-based CP calibration is anticipated for different calibration target sets and procedures.
This GB study is a step towards developing polarimetric calibration technique for a CP-radar onboard UAV, aircraft, and satellite.
